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Fig. 1 Donor-insulator-acceptor molecular rectiˆer proposed by Aviram and Ratner [1].
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Synopsis: To provide some insight into the electronic rectiˆcation of a single molecule, we investigated a
two-probe system in which a porphyrin with four electron-donating amino groups is connected to a porphyrin
with four electron-withdrawing cyano groups by a dimethylene bridge, and this porphyrin dimer is coupled to
two gold electrodes by thiolate bonds. The electron transport properties were obtained using the density func-
tional theory method, taking the eŠect of ˆnite bias into account using the Green's function method. The calcu-
lated results showed that the porphyrin dimer functions as a rectiˆer and that the rectiˆcation is explained by the
easier electron ‰ow in the direction from the donor porphyrin to the acceptor porphyrin than in the other direc-
tion.
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1. Background
The proposal of the donor-insulator-acceptor molecular rectiˆer by Aviram and Ratner [1] has
attracted the attention of many researchers. Aviram and Ratner suggested that the molecules as
shown in Figure 1 may have the rectiˆcation property in the electric current. They implied that the
electron transport occurs easily in the direction from the acceptor to the donor rather than from the
donor to the acceptor as shown in Figure 2. Namely, they considered that the electron transport
occurs when the bias voltage is applied to the electrode coupled to the donor, because the lowest
unoccupied molecular orbital (LUMO) of the acceptor is lower than the chemical potential of its
adjacent electrode and the highest occupied molecular orbital (HOMO) of the donor is higher than
the chemical potential of its adjacent electrode.
Another mechanism however was proposed by Stokbro et al. They considered that the electron
transport occurs easily in the direction from the donor to the acceptor when the bias voltage is ap-
plied to the electrode coupled to the acceptor and the electron transport does not occur easily when
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Fig. 2 Molecular rectiˆcation mechanism proposed by Aviram and Ratner [1]. F is the work function and V is the ap-
plied voltage.
Fig. 3 Molecular rectiˆer mechanism proposed by K. Stokbro, J. et. al [2].
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the bias voltage is applied to the electrode coupled to the donor. This is because the donor's
HOMO is higher than the acceptor's LUMO when the bias voltage is applied to the electrode cou-
pled to the acceptor, as shown in Figure 3. The rectiˆcation mechanism in the donor-insulator-
acceptor model therefore has been a subject of controversy.
Under the circumstances, to clarify the rectiˆcation mechanism, Stokbro et al. [2] carried out
theoretical calculation for a donor-insulator-acceptor system as shown in Figure 4.
Their theoretical calculation however showed no rectiˆcation [2]. Thus the controversy has
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Fig. 4 Donor-insulator-acceptor molecular rectiˆer investigated theoretically by Stokbro et al. [2].
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remained intense.
The clariˆcation of whether the electronic rectiˆcation of the donor-insulator-acceptor system
is possible or not is desirable. In addition, if it is possible, whether the electron transport occurs in
the direction from the acceptor to the donor or from the donor to the acceptor should be clariˆed.
In the present study we therefore investigated a two-probe system in which a porphyrin with four
electron-donating amino groups is connected to a porphyrin with four electron-withdrawing cyano
groups by a dimethylene bridge, and this porphyrin dimer is coupled to two gold electrodes by thio-
late bonds. For this investigation, we carried out theoretical calculations using the density function-
al theory (DFT) method with the Green's function mehod.
2. DFT and its application to a two-probe system
We here review the DFT and its application to a two-probe system [3].
Many-body Schr äodinger wave equation is denoted as
ÂHC(r1, r2 ..., rn)＝EC(r1, r2, ..., rn) (1)
where C(r1, r2, ..., rn) is wave function, E is the energy, ri is the position of the ith electron, and ÂH is
the Hamiltonian operator. The Hamiltonian operator ÂH is denoted as
ÂH＝－∑
i
2
2m
:2i－∑
i,I
ZIe 2
|RI－ri|
＋∑
i＜j
e 2
|ri－rj|
. (2)
Here, is the reduced plank constant, m is the electron mass, ZI is the charge of the Ith ion core, RI
is the position of the Ith ion core, e is the elementary electric charge.
In the DFT, the electrons are described as non-interacting particles moving on an eŠective
potential made by the other electrons. Then the many-body Schr äodinger wave equation is reduced
to eŠective one-electron Schr äodinger wave equation denoted as
ÂH1elca(r)＝eaca(r), (3)
where ca(r) is the one-electron wave function, ea is the energy, and ÂH1el is the one-electron Hamilto-
nian operator. The one-electron Hamiltonian operator ÂH1el is denoted as
ÂH1el＝－
2
2m
:2＋VeŠ [n](r), (4)
where
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Fig. 5 Flow of the DFT calculation. Here b is the charge mixing parameter.
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VeŠ [n]＝Vion＋VH[n]＋Vxc[n] (5)
and
n(r)＝∑
ea＜eF
|ca(r)|2. (6)
Here, n is the electron density, VeŠ is the eŠective potential energy of the electron, Vion is the ion
potential, VH is the Hartree potential, and Vxc is the exchange correlation potential. The ion poten-
tial is given by the electrostatic potential from the ion cores, the Hartree potential is deˆned as the
electrostatic potential from the electron charge density, and the exchange-correlation potential is
the functional derivative of the exchange-correlation energy and is a mean-ˆeld quantum mechani-
cal interaction potential between the electrons.
The eŠective one-electron Schr äodinger wave equation must be solved self-consistently because
the eŠective potential energy VeŠ depends on the electron density. Thus the DFT calculation is car-
ried out by the self-consistent method as shown in Figure 5.
The above DFT calculation method however cannot be directly applied to a two probe system
where a molecule is sandwiched by the two electrodes. This is because it consists of two inˆnite elec-
trodes and a molecular region.
The calculation for the two-probe system is therefore carried out by the DFT method using the
Green's function method, as shown below.
The Green function is deˆned as
ÂG(ea)＝[ea－ ÂH1el＋id＋]－1, (7)
where d＋ is an inˆnitesimal positive number. When the system has a single chemical potential m
(i.e., when bias potential is not applied to the system), the charge density n is described with the
density operator ÂD as
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Fig. 6 Flow of the DFT calculation using the Green's function method for a two-probe system.
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n(r)＝∑
a
c*a(r) ÂDca(r), (8)
where
ÂD＝p－1f
/
－/
Im ÂG(ea)nF(ea－m)dea. (9)
Here nF is the Fermi function.
Self energies of the electrodes are deˆned as
∑L(ea)＝HIL(ea)GL(ea)HIL(ea)†, (10)
∑R(ea)＝HIR(ea)GR(ea)HIR(ea)†, (11)
where HIL and HIR are the Hamiltonian matrix elements involving the interaction region and the
electrodes and GL and GR are respectively the Green's function matrix of the left and right elec-
trodes.
Using the self energies, the Green function of the interaction region, ÂGI, which takes the inter-
action between the interaction region and the electrodes into account, is given by
―  ―
Fig. 7 Donor-insulator-acceptor molecule investigated in the present study.
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ÂGI(ea)＝[ea－ ÂH1el－ Â∑L－ Â∑R＋id＋]－1. (12)
Therefore, we can obtain the electronic state of the interaction region by calculating the self ener-
gies of the electrodes and then by using the Green function of the interaction region. The calcula-
tion must be carried out self consistently and this is shown in Figure 6.
When potential bias is applied to the system, the density matrix equation (9) should be correct-
ed to the following equations;
ÂD＝ ÂDeq＋ ÂDneq, (13)
ÂDeq＝p－1f
/
－/
ImG(ea)nF (ea－mL) dea, (14)
and
ÂDeq＝f
/
－/
ÂG(ea)Im Â∑R(ea) ÂG(ea)†[nF (ea－mL)－nF (ea－mR)]dea, (15)
where mL and mR are respectively the chemical potential of the left and right electrodes and we here
assume that mL＞mR.
Electric current can be calculated by the following equation;
I＝
2e
hf
/
－/
T(ea)[nF (ea－mL)－nF (ea－mR)]dea, (16)
where h is the plank constant and
T(ea)＝Tr[Im Â∑L(ea) ÂG(ea)†Im Â∑R(ea) ÂG(ea)]. (17)
3. Calculation method
First, we carried out the calculation at B3LYP/631G* level with Gaussian03 program pack-
age [4] for the isolated porphyrin dimer in which a porphyrin with four electron-donating amino
groups is connected to a porphyrin with four electron-withdrawing cyano groups, as shown in
Figure 7. A stable structure of the isolated porphyrin dimer was obtained by this calculation.
Then, the two hydrogens attached to the thiol atoms were eliminated from the obtained stable
structure and then the remaining part was inserted between the two gold electrodes. The distance
between the surfur atoms in both ends and the electrodes was determined to be the same as that
―  ―
Fig. 8 Two-probe system investigated in the present study.
Fig. 9 Calculated electric current-voltage characteristics. A positive bias voltage is the one applied to the electrode
coupled to the donor.
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used in Ref. [2]. The resulting two-probe system is shown in Figure 8.
For this system, we carried out the calculations of the electronic properties. The Trouillier-
Martins pseudo potentials, the single zeta plus polarization basis set for gold atoms, the double zeta
plus polarization basis set for the other atoms, the Perdew-Zunger version of the local density ap-
proximation for the exchange-correlation functional were used for the present calculation [5]. The
detailed calculation conditions are summarized in Ref. [5].
4. Results
The magnitude of the electric current under a bias voltage applied to the electrode coupled to
the acceptor is signiˆcantly larger than that under the same bias voltage applied to the electrode
coupled to the donor (Figure 9). The porphyrin dimer therefore functions as a rectiˆer and the elec-
tron transport occurs more easily in the direction from the donor to the acceptor than from the ac-
ceptor to the donor.
This is because the electronic eigenstates of the molecular projected self-consistent Hamiltoni-
an (MPSH) at zero bias are localized in either the donor or the acceptor (Figure 10) and because the
energy gap between the HOMO state localized in the donor and the LUMO state localized in the ac-
ceptor is very small (Figure 10). This is also realized from the partial density of state of molecular
block and transmission coe‹cient (Figure 11).
Figure 12 shows the bias dependence of MPSH eigenvalues. The MPSH eigenstates in the bias
window (i.e., in the range between left and right electrode chemical potentials) are expected to con-
tribute to the electric current. The number of MPSH eigenstates contributing to the electron trans-
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Fig. 10 Molecular orbitals and eigenvalues of the MPSH.
Fig. 11 Partial density of state of molecular block and transmission coe‹cient.
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Fig. 12 Bias dependence of MPSH eigenvalues localized in the donor (decreasing solid curve) and acceptor (increasing
solid curve). Dotted lines are the chemical potentials of the electrodes coupled to the donor (decreasing dotted
line) and the acceptor (increasing dotted line).
Fig. 13 Voltage change for a bias of 2.0 V. The voltage drop is given by the diŠerence in the eŠective potential
between the ˆnite bias calculation and the zero bias calculation.
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port under a bias voltage applied to the electrode coupled to the acceptor therefore is larger than
under the same bias voltage applied to the other electrode.
The reason why the electron transport occurs more easily in the direction from the donor to
the acceptor than from the acceptor to the donor is that the voltage drop mainly occurs at not the
thiolate bond moieties but at the insulator moiety (Figure 13). Thereby a resonant state can be
formed within the bias window when a small bias voltage is applied to the electrode coupled to the
acceptor. The electron transport in the porphyrin dimer is therefore accounted for by the mechan-
ism suggested by Stokbro et al. as shown in Figure 3.
5. Summary
The calculated results showed that porphyrin dimer investigated functions as a rectiˆer and
that the rectiˆcation is explained by the mechanism suggested by Stokbro et al. The electron trans-
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port in the porphyrin dimer therefore must occur more easily in the direction from the donor to the
acceptor than in the other direction when a bias voltage is applied.
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